Federation by Marina Zakharova et al.
Regulation of RNA Polymerase Promoter Selectivity
by Covalent Modiﬁcation of DNA
Marina Zakharova
1,2, Leonid Minakhin
2, Alexander Solonin
1 and
Konstantin Severinov
2,3*
1The Institute of Biochemistry
and Physiology of
Microorganisms, Nauki Ave, 5
Pushchino 142292, Russian
Federation
2Waksman Institute of
Microbiology, Rutgers, The
State University of New Jersey
Piscataway, NJ 08854, USA
3Department of Molecular
Biology and Biochemistry
Rutgers, The State University
of New Jersey, Piscataway, NJ
08854, USA
Expression of genes encoding type II restriction/modiﬁcation (R/M)
systems, which are widely spread in eubacteria, must be tightly regulated
to ensure that host DNA is protected from restriction endonucleases at all
times. Examples of coordinated expression of R/M genes that rely on the
action of regulatory factors or the ability of methyl transferases to repress
their own synthesis by interacting with the promoter DNA have been
described. Here, we characterize the molecular mechanism of factor-
independent regulation in the CfrBI R/M system. Regulation of the
cfrBIM gene transcription occurs through CfrBIM-catalyzed methylation
of a cytosine residue in the cfrBIM promoter. The covalent modiﬁcation
inhibits cfrB1M promoter complex formation by interfering with the
RNA polymerase s
70 subunit region 4.2 recognition of the 235 promoter
element. The decrease in the cfrBIM promoter complex formation leads
to increase in the activity of overlapping cfrBIR promoters. This elegant
factor-independent regulatory system ensures coordinated expression of
the cfrBI genes.
q 2003 Elsevier Ltd. All rights reserved.
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Introduction
Genes encoding DNA restriction/modiﬁcation
(R/M) enzymes are widely spread in bacteria.
Type II R/M systems consist of (i) a restriction
endonuclease that recognizes a speciﬁc DNA
sequence and introduces double-stranded breaks
at or around the recognition site, and (ii) a separate
methyltransferase enzyme that recognizes the
same DNA sequence and methylates it. Methyl-
ation prevents site recognition by the endonuclease
and thus protects the DNA from cleavage. Type II
R/M genes are often plasmid-encoded and can
spread from one host to another.
1 A plasmid
containing R/M genes restricts the entry of
unmodiﬁed DNA into host cell and thus can confer
selective advantage by, for example, protecting the
host from viral infection. However, during the
entry and establishment of a plasmid containing
R/M enzymes genes, a possibility exists that
unmodiﬁed host DNA will be attacked by restric-
tion endonuclease causing host cell death.
Expression of R/M genes is regulated to ensure
that enough methyltransferase is produced to
methylate host DNA before restriction endo-
nuclease is synthesized. Since many of R/M genes
are found on broad-range mobile genetic elements,
coordinated expression of R/M genes should be
able to occur in different host bacteria, i.e. should
be relatively independent of host regulators.
Indeed, studies of R/M genes expression provided
examples of regulatory mechanisms that ensure
coordinated expression irrespective of the host.
The R/M enzymes genes are always clustered,
and are often divergently transcribed and share a
regulatory region. In some systems, such as EcoRII
and SsoII, the methyltransferase promoter is
inhibited once sufﬁcient amounts of methyl-
transferase are produced through direct binding of
methyltransferase to its own promoter region.
2,3
The binding of methyltransferase to its promoter
occurs via an N-terminal helix-turn-helix domain,
which recognizes an operator sequence that is
unrelated to the target methylation site. Binding of
methyltransferase to its operator site inhibits
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increases restriction endonuclease gene promoter
activity through an unidentiﬁed mechanism.
3
Other R/M systems (PvuII, BamHI, EcoRV) rely
on evolutionarily related proteins, the C proteins,
for coordinated expression.
4–6 Genes coding for C
proteins are usually located between restriction
endonuclease and methyltransferase genes and
partially overlap with restriction endonuclease
gene. C proteins bind to DNA and activate tran-
scription of restriction endonuclease gene through
an unknown mechanism.
7 C proteins also posi-
tively regulate their own expression.
7,8 Thus, the
presumably slow initial accumulation of C proteins
allows sufﬁcient time for methyltransferase gene
expression, followed by stable activated expression
of restriction endonuclease gene.
We previously described a R/M system from
Citrobacter freundii, the CfrBI system.
9 Sequence
analysis failed to reveal the presence of a C protein
gene and no operator-binding domain was found
in cfrBI methyltransferase CfrBIM. A question
therefore arisen as to how the coordinate expres-
sion of cfrBI genes is ensured. A CfrBI recognition
site was found between divergently transcribed
cfrBIR and cfrBIM genes. The results of in vivo
studies indicated that the expression of cfrBIR and
cfrBIM genes may be regulated by the methylation
state of the CfrBI site located between divergently
transcribed cfrBI genes, and an in vitro experiment
appeared to conﬁrm this notion.
10 In this work, we
extend these observations and characterize the
molecular mechanism of regulation of the CfrBI
R/M system in vitro.
Results
Regulation of the cfrBI gene expression
in vivo
The cfrBIR and cfrBIM genes are divergently
transcribed; their initiating ATG codons are separ-
ated by a 76 bp spacer (Figure 1). The spacer con-
tains a single CfrBI recognition site, located 13 bp
upstream of the cfrBIR initiating codon (Figure 1).
To analyze the relative strengths of the cfrBIM and
cfrBIR promoters in vivo, DNA fragments contain-
ing the entire spacer region were cloned, in both
orientations, into the pFD51 plasmid,
11 that con-
tains a promoterless galK gene downstream of the
cloning site. The resultant plasmids were intro-
duced into the Escherichia coli HB101 galK
2 cells
and galK expression was monitored qualitatively
on McConkey indicator plates (Figure 2A). As can
be seen, colonies formed by cells containing the
pMet-gal plasmid (galK transcription is driven by
the cfrBIM promoter) were of intense red color,
indicating that the cfrBIM promoter was on. In
contrast, cells containing the pRes-gal plasmid
(galK transcription is driven by the cfrBIR pro-
moter) formed white colonies, indicating that this
promoter was inactive (Figure 2A). The experiment
was also performed using cells that contained, in
addition to pMet-gal or pRes-gal, a compatible
plasmid pXB4 expressing the cfrBIM gene from its
own promoter.
10 Cells harboring this plasmid over-
produce CfrBIM and methylate CfrBI sites in their
DNA rendering it resistant to CfrBIR digestion
(data not shown). Overproduction of CfrBIM
Figure 1. Genetic context of the cfrBI restriction/modiﬁcation genes regulatory region. The organization of cfrBI
genes is schematically shown at the top. Arrows indicate the direction of transcription. The only CfrBI site in the inter-
genic region is indicated. The sequence of cfrBI intergenic region and initial sequences of cfrBI genes are expanded at
the bottom of the Figure (both DNA strands are shown). The beginnings of cfrBI open reading frames are indicated
by colors that match those used at the top of the Figure to indicate cfrBI genes. Experimentally determined major
cfrBI transcription start sites are shown by arrows above and below cfrBI sequence and are capitalized and color-
coded in the sequence. The corresponding promoter elements are underlined and DNA bases that match consensus
sequences are capitalized. The multiple start sites for cfrBIM promoter are indicated by small vertical lines between
the sequences of DNA strands. The thickness of a line reﬂects efﬁciency of transcription initiation from this position.
The CfrBI recognition site is indicated in red and cytosine residues methylated by cfrBIM are highlighted.
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moters. Both the cfrBIR and cfrBIM promoters
were on; visual inspection suggested that in the
presence of CfrBIM, the activity of both cfrBIR
and cfrBIM promoters was less than the activity of
cfrBIM promoter in the absence of CfrBIM and the
majority of colonies were pink (Figure 2A).
The result presented above is in general agree-
ment with our previous results, which were
obtained using a shorter cfrBI fragment thought to
contain cfrBI promoters based on bioinformatic
analysis.
10 To precisely locate transcription initi-
ation start points of cfrBI promoters, primer exten-
sion experiments were performed with equal
amounts of total RNA prepared from cells shown
in Figure 2A. As can be seen from Figure 2B, lanes
3 and 4, three adjacent cfrBIM primer extension
products were observed. One transcript initiated
at a guanine residue 33 bp upstream of the cfrBIM
initiating ATG codon (Figure 1). Two other tran-
scripts initiated at thymines 31 bp and 30 bp
upstream of the cfrBIM initiating ATG codon (the
corresponding primer extension products are
poorly resolved in Figure 2B, lane 3, but are clearly
visible in lane 4). The combined amount of primer
extension products corresponding to these two
transcripts was approximately equal to the amount
of primer extension product corresponding to the
upstream transcript. All three transcripts probably
initiated from the same promoter. Indeed, a
sequence resembling an extended 210 promoter
consensus element TGxTATAAT (TgCTAagAT,
bases matching the consensus are capitalized) was
found at an appropriate distance upstream of
observed start points. In addition, a TGGACA
sequence was found 17 bp upstream of the 210
promoter element. This sequence is similar to the
235 promoter consensus element TTGACA and
partially overlaps with the CfrBI site CCATGG
(the overlapping area is underlined). The amount
of cfrBIM transcript decreased about ten times in
the presence of pXB4, indicating that expression of
CfrBIM inhibits transcription from the cfrBIM
promoter.
Primer extension of RNA prepared from cells
harboring pRes_gal and the pXB4 plasmid revealed
two cfrBIR transcripts (Figure 2B, lane 1). The
corresponding transcription start points were
located 43 and 28 bp upstream of the cfrBIR ATG
codon. The minor, upstream, transcript is preceded
by an appropriately positioned sequence TGTTA
ccAT which is similar to the extended 210 con-
sensus promoter element sequence. The major
downstream transcript is preceded by an appropri-
ately positioned sequence TGCTATctT which is
also similar to the extended 210 consensus
promoter element. No appropriately positioned
235 promoter elements was observed for either
cfrBIR transcript. The total amount of transcripts
initiated from cfrBIR promoters in the presence of
pXB4 was equal to the amounts of cfrBIM tran-
scripts produced in the presence of pXB4, in agree-
ment with in vivo results (Figure 2A). In the absence
of pXB4, the amount of the downstream cfrBIR tran-
script decreased about ﬁvefold (Figure 2B, lane 2)
and the upstream transcript was only visible upon
prolonged exposures. We conclude that that
expression of CfrBIM increases transcription from
the cfrBIR promoter.
Transcription regulation of the cfrBI R/M
system in vitro
We next investigated regulation of cfrBIM/R
transcription in vitro. The results of a single-round
in vitro transcription experiment conducted with
E. coli RNA polymerase (RNAP) s
70 holoenzyme
are presented in Figure 3A. As a template, we
used a DNA fragment prepared from pPro200, a
pTZ19R-based plasmid carrying a 202 bp cfrB1
DNA fragment contained between cfrBIM and
cfrBIR codons 30 and 14, respectively. As can be
seen, a single transcript was observed when
unmethylated cfrBI DNA fragment was used as a
Figure 2. Expression of cfrBI
genes in vivo.A ,E. coli HB101 cells
transformed with the indicated
plasmids were plated on McConkey
agar plates containing 1% galactose.
The results of overnight growth at
37 8C are presented. B, RNA was
prepared from HB101 cells contain-
ing the pMet-gal plasmid (lanes
3–4) or pRes-gal (lanes 1–2) with
or without pXB4 plasmid over-
producing CfrBIM, and primer
extension with an oligonucleotide
complementary to the beginning of
the galK gene was performed
alongside with DNA sequencing
reactions using the same primer
and pRes-gal or pMet-gal as tem-
plates. An autoradiograph of a 7%
sequencing gel is presented.
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script decreased when DNA fragments that were
shortened on their left-hand side in the view pre-
sented in Figure 1 were used as transcription tem-
plates (data not shown), suggesting that the
transcript had originated from leftward-oriented
cfrBIM promoter. The results of primer extension
experiments performed with in vitro-transcribed
RNA conﬁrmed this notion and showed that the
start points of the in vitro transcripts coincided
with the in vivo start points (data not shown). The
in vitro transcription experiment was next repeated
using as a template cfrBI DNA fragment contain-
ing methylated cfrBI site. The fragment was pre-
pared from pPro200 plasmid puriﬁed from E. coli
cells that expressed CfrBIM from plasmid pXB4.
To destroy residual unmethylated DNA, the frag-
ment was digested with excess of methylation-
sensitive CfrBIR isoschizomer StyI. As can be
seen, the amount of cfrBIM transcript produced
Figure 3. Methylation of the CfrBI site in the CfrBIR/M regulatory region stimulates the cfrBIR promoter complex
formation. A, A single-round in vitro transcription by E. coli RNAP s
70 holoenzyme from cfrBI regulatory region
DNA fragments containing unmethylated (lane 1) or methylated (lane 2) CfrBI site was performed and products
were separated by gel electrophoresis. An autoradiograph of 10% denaturing polyacrylamide gel is shown. B, DNase I
footprinting and KMnO4 probing of cfrBI promoter complexes. E. coli RNAP s
70 holoenzyme was allowed to form pro-
moter complexes with cfrBI regulatory region DNA fragments containing unmethylated (lanes 1–4) or methylated
(lane 5–8) CfrBI site and labeled at the template strand of the cfrBIM promoter. Reactions were supplemented with
DNase I or KMnO4 as indicated and reaction products were resolved on a sequencing gel and revealed by auto-
radiography. Numbers on the left indicate DNA positions relative to the cfrBIM promoter start site; numbers on the
right indicate DNA positions relative to upstream cfrBIR promoter start site. Vertical arrows indicate the positions of
the start codon for cfrBIM.
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fold, compared to the amount of cfrBIM transcript
produced from the unmethylated template
(Figure 3A, lane 2). More importantly, two new,
weaker transcripts became apparent. The length of
these transcripts remained constant when DNA
fragments truncated at their left-hand side were
used as templates, suggesting that the transcripts
originated from rightward-oriented cfrBIR pro-
moters. The results of primer extension experi-
ments showed that the two transcripts matched
cfrBIR transcripts determined in vivo. We conclude
that the in vitro system recapitulates essential
features of cfrBI regulation observed in vivo and
that cfrBIR promoters become active when CfrBI
site in the spacer between the cfrBIM and cfrBIR
genes is methylated. Since our in vitro experiment
contained no proteins other than highly pure
RNAP s
70 holoenzyme, we conclude that the
methylation state of CfrBI site directly affects pro-
moter selectivity of RNAP.
To determine at which stage of transcription
cycle methylation-dependent regulation of tran-
scription from cfrBI promoters occurs, promoter
complexes formed on cfrBI fragments with or
without methylated CfrBI site were studied by
DNase I footprinting and KMnO4 probing. Results
of such an experiment performed with cfrBI frag-
ments labeled at the non-template strand of the
cfrBIM promoter (template strand of cfrBIR pro-
moters) are presented in Figure 3B. KMnO4 prob-
ing of unmethylated cfrBI fragment revealed that
thymines at positions þ2 and þ3 relative to cfrBIM
initiation point were sensitive to KMnO4 (Figure
3B, lane 4). On the template strand, thymines at
positions 22, 25, 27, 29, and 210 relative to
cfrBIM start point, close to or inside the putative
210 promoter element of the cfrBIM promoter
were sensitive to KMnO4 (data not shown, see
also Figure 5B). No KMnO4-sensitive bands at or
around the putative 210 boxes of cfrBIR pro-
moters was observed (Figure 3B, lane 4 and data
not shown). DNase I footprinting revealed com-
plete protection around the cfrBIM transcription
start point, from about þ20 to 225, and an alter-
nating protections and hypersensitivities to DNase I
further upstream, a pattern typical for many pro-
moters (Figure 3B, lane 3). We conclude that in the
absence of CfrBI methylation, RNAP makes an
open complex on the cfrBIM promoter only. Prob-
ing of complexes formed on the methylated
cfrBI template revealed several additional KMnO4-
sensitive bands (Figure 3B, lane 7). These bands
corresponded to non-template strand thymines
located within the putative 210 promoter elements
of cfrBIR promoters (26, 28 and 211 for
upstream cfrBIR promoter, 23, 26, and 211 for
downstream cfrBIR promoter). KMnO4-sensitive
bands corresponding to cfrBIM promoter com-
plexes were also present; however, their intensity,
compared to corresponding bands seen on
unmethylated DNA, was reduced two- to three-
fold (Figure 3B, compare lanes 4 and 7). DNase I
protection of the methylated fragment was also
reduced, but the overall pattern of partial protec-
tion was reminiscent of cfrBIM promoter com-
plexes (Figure 3B, compare lanes 6 and 3). We
conclude that methylation of CfrBI site interferes
with the cfrBIM promoter complex formation and
allows cfrBIR complexes to form. However, even
when CfrBI site is methylated, most promoter com-
plexes still form on cfrBIM promoter.
Methylation of CfrBI site regulates the cfrBIM
promoter by interfering with s
70 region 4.2
interaction with the 235 promoter element
The results presented above are consistent with
the idea that the cfrBI site methylation inhibits
cfrBIM complex formation by interfering with s
70
region 4.2 recognition of the 235 promoter
element. If this were so, one would expect the
cfrBIM promoter complex formation to be depen-
dent on the presence of s
70 region 4.2, despite the
fact that the cfrBIM promoter contains a TG motif
characteristic of extended 210 promoters that do
not require s
70 region 4.2 for promoter complex
formation.
12 The prediction was tested by deter-
mining the ability of RNAP holoenzyme reconsti-
tuted with s
70(1–565), a derivative of s
70 that lacks
region 4.2,
13 to transcribe from cfrBIM. RNAP s
70
holoenzyme was highly active in abortive syn-
thesis of GpUpU trinucleotide directed by cfrBIM
promoter (Figure 4A, lane 1). In contrast, little or
no GpUpU was synthesized by the s
70(1–565),
holoenzyme (Figure 4A, lane 2). We therefore con-
clude that cfrBIM promoter requires s
70 region 4.2
for function and by this criterion belongs to the
210/235 promoter class.
Since the cfrBI site partially overlaps with the
235 promoter element of cfrBIM promoter,
methylation of N4 cytosine could interfere with
s
70 region 4.2 interaction with promoter element
and thus lead to decreased efﬁciency of promoter
complex formation. Methylation of the cfrBI site
introduces two methyl groups, of which only one
occurs in the 235 promoter element. To determine
which of the two methyl groups contributes to
cfrBI promoters recognition, we prepared hemi-
methylated templates (see Materials and Methods)
and performed KMnO4 probing (Figure 4B). As
can be seen, when cytosine in the 235 promoter
element of the cfrBIM promoter was methylated,
thymines at positions 26, 28 and 211 of the
upstream cfrBIR promoter and 23, 26, and 211
and in the downstream cfrBIR promoter were
sensitive to KMnO4 (Figure 4B, lane 2). As
expected, in the absence of methylation, these
bands were not observed and only bands at þ2
and þ3 of the cfrBIM promoter were present
(Figure 4B, lane 1). In contrast, the presence of
methyl group outside of the cfrBIM 235 promoter
element had no effect on KMnO4 sensitivity, and
only bands corresponding to template strand of
the cfrBIM promoter complex were observed
(Figure 4B, lanes 4 and 5). Thus, methylation of
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cfrBIM promoter is sufﬁcient for activation of tran-
scription from both cfrBIR promoters.
Analysis of the crystal structure of Thermus
aquaticus s
A region 4 bound to the 235 promoter
consensus element DNA
14 indicates that a template-
strand cytosine in the third position of the 235
promoter element consensus sequence interacts
with an evolutionarily conserved glutamic acid
residue that corresponds to E. coli s
70 Glu585 as
illustrated in Figure 5A. Methylation of the
exocyclic amino group of this cytosine is expected
to introduce a steric clash, decrease the strength of
the interaction and thus indirectly lead to acti-
vation of cfrBIR transcription. Likewise, substi-
tution of s
70 position 585 may also affect promoter
selectivity in cfrBI control region. We engineered a
mutation in the cloned E. coli rpoD(s
70) gene, that
causes a substitution of s
70 E
585 for alanine residue.
The substitution removes the 585 position side-
chain beyond the b carbon and RNAP holoenzyme
containing E585A s
70 should lose the ability to
Figure 5. RNAP holoenzyme carrying a substitution of s
70 E
585 transcribes from cfrBIR promoters in the absence of
cfrBI site methylation. A, A structural model of T. aquaticus s
A region 4 interaction with 235 consensus promoter
element DNA.
14 A backbone representation of T. aquaticus s
A region 4 (cyan) and 235 consensus promoter element
DNA (CPK) is shown. The positions of the non-template strand that form the TTGACA 235 promoter consensus
element are indicated. A template-strand cytosine in the third position of the consensus element is shown in Spaceﬁll
representation and is colored blue. The exocyclic amino group is clearly visible. T. aquaticus s
A E
410, corresponding to
s
70 E
585 is shown in Spaceﬁll representation and is colored green. B, Single-round in vitro transcription by E. coli
RNAP holoenzyme reconstituted with the indicated s
70 proteins from cfrBI regulatory region DNA fragments contain-
ing unmethylated (lanes 1 and 2) or methylated (lane 3) CfrBI site was performed and products were separated by gel
electrophoresis. An autoradiograph of 10% denaturing polyacrylamide gel is shown.
Figure 4. Methylation of the
cfrBIM promoter 235 element
leads to activation of cfrBIR pro-
moters. A, Abortive synthesis of
GpUpU from the cfrBIM promoter
was monitored in the presence of
GpU primer and [a-
32P]UTP sub-
strate. Lane 1, reaction was
catalyzed by RNAP s
70 holo-
enzyme; lane 2, reaction was
catalyzed by RNAP holoenzyme
reconstituted with s
70(1–565), a s
70
derivative lacking region 4.2. An
autoradiograph of a 20% denatur-
ing polyacrylamide gel is pre-
sented. B, 50-End-labeled cfrBI
regulatory region DNA fragments
containing CfrBI site with a single
methylated cytosine, either proxi-
mal (lane 2) or distal (lane 5) with respect to cfrBIM promoter start site, or unmethylated CfrBI site (lanes 1 and 4)
were combined with RNAP s
70 holoenzyme, probed with KMnO4 and reaction products were separated by denaturing
gel electrophoresis and revealed by autoradiography.
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promoter element cytosine that is methylated by
CfrBIM. As can be seen from Figure 5B, cfrBIR
transcripts were observed when E585A s
70
holoenzyme transcribed either unmethylated or
methylated cfrBI DNA (Figure 5B, lanes 2 and 3).
As expected, no such transcripts were observed
when transcription was performed using the wild-
type s
70 holoenzyme and unmethylated DNA
(Figure 5B, lane 1). We conclude that the absence
or the presence of favorable interactions by s
70 E
585
in the 235 promoter element of the cfrBIM
promoter determines whether transcription of
cfrBIR occurs.
Conclusions
In this work, we demonstrate that transcription
from cfrBIR promoters is determined by the
methylation state of CfrBI site located between the
cfrBIR and cfrBIM promoters. Our results strongly
suggest that methylation of the exocyclic N4 of the
template-strand cytosine in the third position of
the 235 promoter element decreases the strength
of the cfrBIM promoter by interfering with a favor-
able interaction between s
70 E
585 and the exocyclic
amino group. The methylated CfrBI site is located
15 bp and 30 bp downstream of transcription
initiation start points of the two cfrBIR promoters
and is thus unlikely to inﬂuence RNAP binding to
these promoters directly. Indeed, both cfrBIR
promoters become activated upon methylation of
CfrBI site, further supporting an idea that these
promoters become activated indirectly, through
decrease in the efﬁciency of formation and/or
stability of the overlapping cfrBIM promoter com-
plexes rather than through direct effects of methyl-
ation on complex formation on cfrBIR promoters.
The inhibitory effect of cfrBI site methylation on
transcription from cfrBIM promoter in vivo is
stronger that in vitro (ten and two- to threefold
inhibition, correspondingly). We speculate that
this difference could be due to differences in ionic
conditions and/or template topology in the cell
and in our in vitro assays.
The regulation of CfrBI R/M system provides a
very economical, factor-independent way to
regulate cfrBI gene expression and ensures that
DNA of a bacterial host that acquires this plasmid-
borne system is not degraded by CfrBIR. The
cfrBIM promoter is the strongest promoter in the
cfrBI regulatory region, and therefore the cfrBIM
gene is transcribed by default and resulting in
CfrBI methyltransferase production. Once enough
CfrBIM is produced, the CfrBI site in the regulat-
ory region is methylated, leading to decreased
cfrBIM promoter complex formation and limited
expression of crfBIR. To our knowledge, this is the
ﬁrst example of a genetic switch operated by
speciﬁc covalent modiﬁcation of basal promoter
element.
Materials and Methods
Plasmids, bacterial strains and media
Plasmid pT7s
15 was used as a source of wild-type s
70.
Plasmid pET15sE585A contains rpoD gene harboring a
mutation coding for E585A substitution in pET15b
(Novagen, USA) expression vector. The mutation was
constructed by site-speciﬁc PCR mutagenesis. Plasmid
pBGM5
9 carrying CfrBI R/M genes was used as a tem-
plate for PCR synthesis of DNA fragments containing
cfrBI regulatory region. A 202 bp cfrBI regulatory region
was ampliﬁed using dirE1 (TAAGTCGAATTCCTCTA
GGTGCAACTTTGC) and revH1 (CGCCAAAAGCTTG
AGTTCGTTAGGGAAAC) primers. The primers are
complementary to cfrBIM codons (29–24, dirE1) and
cfrBIR codons (13–8, revH1) and contain engineered
EcoRI and HindIII sites, respectively. The fragment was
treated with EcoRI and HindIII and cloned in appro-
priately treated pTZ19R cloning vector. The resultant
plasmid pPRO200 was used as a source of promoter
DNA for footprinting and in vitro transcription
experiments.
To analyze the relative strengths of the cfrBIM and
cfrBIR promoters in vivo plasmids pMet-gal and pRes-
gal were constructed as follows. For pMet-gal, cfrBI
regulatory region was ampliﬁed using dirE2 (CG
GAATTCCCATGGACATAGTAAAAATG) and revH2
(CCCAAGCTTGATCTGTTACCATACAAC) correspond-
ing to DNA positions 69–50 upstream of the initiating
ATG codon of cfrBIM (dirE2) and 62–45 upstream of
the initiating codon of cfrBIR (revH2) and containing
engineered EcoRI and HindIII sites, respectively. The
ampliﬁed fragment was treated with EcoRI and HindIII
and cloned in the appropriately treated pFD51.
11
Plasmid pRes-gal was constructed similarly using cfrBI
regulatory region DNA ampliﬁed with dirE3 (ATT
GAATTCAACTGTCATTTTTCCTAACTATCG) revH3
(TCAAGCTTTCACCATGGACATAGTAAAAAT GAG)
primers corresponding to DNA positions 85–62
upstream of initiating codon of cfrBIR (dirE3) and
72–48 upstream of initiating codon of cfrBIM (revH3).
Plasmid pXB4 expressing CfrBIM was described
previously.
10
E. coli XL1-Blue (Stratagene, USA) was used as a clon-
ing host, E. coli HB101 was used as a host to study cfrBI
expression in vivo; E. coli Z85
16 was used to prepare
methylated cfrBI DNA, E. coli BL21(lDE3) (Novagen,
USA) was used to express recombinant proteins.
Cells were grown in LB medium (1% Bactotryptone,
1% NaCl, 0.5% yeast extract, with or without 1.5%
Bactoagar). To test for cfrBI expression in vivo,
McConkey agar base plates containing 1% galactose
were used.
Proteins
s
70, s
70 E585A and s
565. The wild-type s
70 RNAP sub-
unit was puriﬁed from E. coli BL21(DE3) cells harboring
the pT7s plasmid as described.
15 To purify s
70. E585A,
pET15sE585A was transformed in E. coli BL21(DE3)
cells. Transformants were grown in 1 l of LB with ampi-
cillin (100 mg/ml) at 37 8Ct oA600 of 0.8–1.0 and
expression was induced by the addition of IPTG to
1 mM. After four hours, cells were harvested by centri-
fugation and resuspended in lysis buffer containing
20 mM Tris–HCl (pH 8.0), 200 mM NaCl, 0.1 mM
EDTA, 5 mM b-mercaptoethanol. Cells were lysed by
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ten minutes. The supernatant was discarded; the pellet
was resuspended in the same buffer, sonicated and cen-
trifuged as above. The pellet was dissolved in denatur-
ing buffer containing 20 mM Tris–HCl (pH 8.0),
500 mM NaCl and 7 M urea and loaded onto a HiTrap
chelating Sepharose column (Pharmacia) loaded with
Ni
2þ and attached to FPLC. The column was washed
with the same buffer containing 25 mM imidazole, and
s
70 E585A was eluted with 100 mM imidazole in the buf-
fer and dialyzed overnight against 20 mM Tris–HCl (pH
8.0), 200 mM NaCl, 0.1 mM EDTA, 5 mM b-mercap-
toethanol followed by dialysis against storage buffer
(20 mM Tris–HCl (pH 8.0), 200 mM NaCl, 0.1 mM
EDTA, 5 mM b-mercaptoethanol and 50% glycerol) and
stored at 220 8C.
To purify C-terminally truncated s
70 (1–565), plasmid
pCYB2_s1–565 was transformed in E. coli XL-1Blue cells.
Transformants were grown in 1 l of LB with ampicillin
(100 mg/ml) at room temperature to A600 of 0.6–0.8 and
expression was induced by the addition of IPTG to
1 mM. After six hours, cells were harvested by centri-
fugation and resuspended in buffer H containing
20 mM Hepes (pH 8.0), 500 mM NaCl, 0.1 mM EDTA.
Cells were lysed by sonication, the lysate was clariﬁed
by low-speed centrifugation and loaded onto a 1 ml
chitin column equilibrated in buffer H. The column was
washed with 15 ml of buffer H and then quickly ﬂushed
with three column volumes of freshly prepared buffer H
containing 30 mM DTT. The column outlet was sealed
and the column was left overnight at 4 8C. Pure s
70(1–
565) was eluted with three column volumes of buffer H
without DTT, dialyzed against buffer H and stored at
220 8C in the presence of 50% glycerol.
RNAP core enzymes
RNAP was prepared by in vitro reconstitution as
described.
17 The core and the holoenzyme fractions
were separated on a 1 ml MonoQ column (Pharmacia)
attached to a Waters 650 FPLC. RNAP was loaded on
the column in TGE buffer (10 mM Tris–HCl (pH 7.9),
1 mM EDTA, 5% glycerol) and eluted using a linear
60 ml gradient of NaCl from 0.23 M to 0.4 M. Fractions
containing RNAP core and holoenzymes were pooled
separately, concentrated to 1–2 mg/ml and stored at
220 8C in the presence of 50% glycerol.
Primer extension
Total RNA was extracted from E. coli HB101 cells har-
boring pRes-gal or pMet-gal plasmids with or without
compatible pXB4 plasmid grown at 37 8C in 5 ml of LB
broth overnight. RNA was puriﬁed with “RNeasy” kit
from Qiagen Inc. (Hilden, Germany) following manu-
facturer’s instructions. The quality of RNA was
ascertained by electrophoresis in 1% formaldehyde–
agarose gels. For primer extension reactions, 10 ng of
total RNA were reverse transcribed with ﬁve units AMV
reverse transcriptase (Roche) for 40 minutes at 42 8Ci n
1 £ AMV reverse transcriptase buffer supplied by the
manufacturer in the presence of 1 pmol
32P-end-labeled
primer CTCTGCCAGCATTTCATAACCAACC (comple-
mentary to 50 end portion of the galK gene and located
114–80 nucleotides downstream of the HindIII site of
pFD51 or its derivatives). Primer extension reactions
were terminated by the addition of 50 ml (100 units) of
RNase A solution (Qiagen Inc.), incubated for 15 minutes
at room temperature, phenol/chloroform extracted and
nucleic acids were precipitated with ethanol. The pellet
was dissolved in formamide-containing loading buffer
and products were resolved on a 8% sequencing gel and
revealed using a PhosphorImager. Sequencing reactions
performed with the same end-labeled primer and pRes-
gal or pMet-gal plasmids as templates using fmol DNA
Cycle Sequencing System (Promega) according to manu-
facturer’s protocol were run alongside primer extension
reactions.
Footprinting and in vitro transcription
Plasmid pPRO200 was used as a source of DNA tem-
plates for in vitro assays. DNA fragments were prepared
by treating pPro200 with EcoRI and HindIII. Methylated
DNA was puriﬁed from Z85 E. coli containing pPro200
and pXB4. For footprinting experiments, DNA fragments
were (30-
32P)-labeled at either EcoRI or HindIII sites
using standard procedures. Hemimethylated cfrBI DNA
fragments were prepared by PCR using fully methylated
EcoRI–HindIII pPro200 fragment in the presence of one
of two 50-end
32P-end-labeled primers, dirE1 or revH1 (see
above). One to two micrograms of fully methylated
cfrBI DNA fragment was combined with 5–10 pmol of
radioactively labeled primer in 30 ml of ThermoPol buf-
fer (New England Biolabs). Reactions were sup-
plemented with ﬁve units of Vent DNA polymerase
(New England Biolabs) and 14 cycles of PCR ampliﬁca-
tion (30 seconds 94 8C, 30 seconds 55 8C, six seconds
72 8C) was performed. The reactions products were sep-
arated by native polyacrylamide (6%) gel electrophoresis,
radioactive band corresponding to ,200 bp hemimethy-
lated double-stranded fragments were excised, eluted
and used in KMnO4 probing experiments.
To form open promoter complexes E. coli RNAP s
70
holoenzyme was preincubated in 15 ml of transcription
buffer (20 mM Tris–HCl (pH 7.9), 40 mM KCl, 10 mM
MgCl2) with 1 pmol of promoter DNA fragments for ten
minutes at 37 8C. Samples were footprinted with
DNase I or probed with KMnO4 exactly as described
12
or were supplemented with 200 mM GTP, ATP, CTP,
20 mM UTP and 10 mCi of [a-
32P]UTP (3000 Ci/mmol;
Perkin Elmer). Transcription reactions were allowed to
proceed for ten minutes at 37 8C and were terminated
by the addition of equal volume of formamide-contain-
ing gel loading buffer. Reaction products were separated
on a 10% polyacrylamide, 6 M urea gel and revealed by
PhosphorImager analysis. DNase I footprinting-KMnO4
probing products were analyzed on a 7% sequencing
gel and revealed using a PhosphorImager.
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